Background: weak hand grip strength in later life is a risk factor for disability, morbidity and mortality and is central to definitions of sarcopenia and frailty. It is unclear whether rate of change in grip strength adds to level of grip strength as a risk factor for poor ageing outcomes.
Introduction
Weak hand grip strength in later life is an established risk factor for subsequent disability [1] , morbidity [2] and mortality [3] . Grip strength is central to current definitions of sarcopenia [4, 5] and physical frailty [6] and there is considerable interest in its role as a marker of healthy ageing [7] , as an outcome in intervention studies [8] , and as a potential tool for clinical assessment [9] .
Cross-sectional and longitudinal studies have described the lifecourse trajectory of grip strength: a period of increase from childhood to a peak in early adult life is apparent, followed by maintenance through to midlife, and finally decline from midlife onwards [10, 11] . It is unclear whether an individual's rate of change in grip strength acts as a risk factor for poor ageing outcomes, over and above their level of grip strength in later life.
We are aware of only seven published studies which have taken longitudinal measurements of grip strength in later life and related rate of change in grip strength to subsequent risk of mortality [12] [13] [14] [15] [16] [17] [18] . These studies differed in many ways: three were based in the United States (the RUSH [12] , Baltimore Longitudinal Study of Ageing [15] , and Women's Health and Ageing Study [18] ), the others in Canada (Canadian Health Survey [13] ), the Netherlands (Leiden 85+ Study [14] ), Denmark (1905 Birth Cohort [16] ) and Sweden (a study of twins [17] ); sample sizes ranged from a few hundred to several thousand study participants; five of the studies considered men and women [12-14, 16, 17] , one studied only men [15] , and one only women [18] ; the average baseline age of the study participants was typically late-seventies to early-80s but ranged from mid-60s to mid-90s; longitudinal measurement of grip strength was conducted across periods of time ranging from 2 to 25 years, with a median number of four grip strength measurements per study (range: 2-12); and mortality follow-up ranged from 2 to 40 years. The studies also differed in their conclusions about the relative importance of level and rate of change in grip strength in later life as risk factors for subsequent mortality: three studies concluded that level of grip strength is a more important risk factor for mortality than rate of change in grip strength [12, 15, 16] ; two studies concluded that accelerated loss of grip strength is a stronger risk factor for mortality than level of grip strength [13, 17] ; and two studies concluded that level and rate of change in grip strength are both risk factors for mortality [14, 18] . No UK studies to date have explored the association between level and rate of change in grip strength in later life as risk factors for mortality.
We have addressed this gap in knowledge by exploring the association between level, and rate of change, of grip strength in later life and risk of mortality among the 292 communitydwelling men and women who participated in the 1994/5 and 2003/5 phases of the Hertfordshire Ageing Study, UK, and for whom mortality was followed-up to 2011.
Methods
The Hertfordshire Ageing Study (HAS) has been described previously [19] . A full account of the methods pertinent to this paper may be found in Appendix 1 on the journal's website. In brief, 292 men and women, born 1920-30, attended research clinics in Hertfordshire in 1994/5 and 2003/5 and had grip strength measured at both waves of follow-up. All-cause mortality was ascertained for all participants till 13/01/2011.
A research nurse measured grip strength at each clinic using a standard protocol; [20] Harpenden and Jamar dynamometers were used in 1994/5 and 2003/5 respectively. Intra-and inter-observer studies were carried out during the fieldwork (see Supplementary data, Appendix 1, available in Age and Ageing online for details). The HAS had ethical approval from the Hertfordshire and Bedfordshire Local Research Ethics Committee and all participants gave written informed consent. This work was supported by the Medical Research Council (MC_UP_A620_1015, MC_UU_12011/2).
Statistical methods
Maximum grip strength values were calculated from all available measurements at the 1994/5 clinic and similarly at the 2003/5 clinic.
Characterisation of change in a clinical phenotype is challenging when data are only available at two time points and the phenotype may be subject to the effects of regression to the mean; in this instance, simple calculation of absolute or percentage change may poorly reflect magnitude of change and will be artefactually negatively associated with initial value [21] . To overcome these problems, we characterised change in grip strength by estimating sex-specific linear regression models for grip strength in 2003/5 on grip strength in 1994/5 with adjustment for individual follow-up duration; the standardised residuals from these models function as Twisk's recommended measure of 'residual change' [21] in grip strength over time. For illustrative purposes only, thirds of the distribution of residual change were regarded as providing evidence of 'loss', 'no change', or 'gain' of grip strength.
Cox's proportional hazards models were used to analyse associations between 'residual change' in grip strength between HAS clinics, and levels of grip strength in 1994/5 and 2003/5, and risk of mortality between the 2003/5 clinic and 13/01/2011. We considered independent, interaction and quadratic (second order) effects of grip strength on mortality risk. To maximise sample size, analyses were principally conducted for men and women combined with adjustment for gender. Analyses were conducted using Stata, release 11.
Results
Participant characteristics are shown in Table 1 ; 42 men and 21 women died prior to 13/01/2011. Consistent with a healthy survivor effect in HAS [19] a modest average decline in grip strength was observed between clinics among men (P = 0.03) but not women (P = 0.13). Nonetheless, substantial variation in annualised change in grip strength was evident for both men (median and [5th, 25th, 75th, and older age at baseline clinic was associated with accelerated loss of grip strength among men and women. In addition, men who were shorter, had higher body mass index (BMI) and reported slower walking speed at baseline, experienced accelerated loss of grip strength (data not shown).
Older age, shorter stature and slower walking speed in 2003/5 were associated with lower concurrent grip strength among men and women, and women with many systems medicated had lower grip strength. Older age, slower walking speed and having more systems medicated at the 2003/5 clinic were associated with increased risk of mortality to 13/ 01/2011 among men and women. Lower social class was associated with increased mortality among men only. These characteristics were regarded as potential confounders of the relationships between level and loss of grip strength and mortality in subsequent analyses. Evidence for interaction between loss and level of grip strength as predictors of mortality was significant at the 5% level without and with adjustment for potential confounders (see footnote to Figure 1 ) and the pattern of interaction was consistent for men and women (P = 0.61 for a null hypothesis that supports a homogenous pattern of interaction between men and women). 
Discussion
Using data from the HAS we have identified elevated mortality risks among older people who experience accelerated loss of grip strength in later life, especially when in combination with a low level of grip strength. These results have implications for understanding of the utility of grip strength measurements made in research and clinical settings. Our results suggest that levels of grip strength at any given point in later life should be considered in conjunction with estimates of change in grip strength from repeat measurement over time.
Our conclusion that change combines with level of grip strength as a predictor of mortality in later life is consistent with findings by Ling et al. [14] and Xue et al. [18] who studied older people participating in the Leiden 85-plus and the Women's Health and Aging Study II respectively. In contrast, Buchman et al. [12] , Hirsch et al. [13] , Metter et al. [15] , Oksuzyan et al. [16] and Proctor et al. [17] found that level of grip strength was more predictive of mortality risk than change in grip strength, and Hirsch et al. [13] and Proctor et al. [17] identified change in grip strength as a stronger predictor of mortality than level. Further studies are required to elucidate the relative importance of level and change in grip strength as risk factors for poor ageing outcomes. Future studies would be well advised: to include many repeated measurements of grip strength within the same individuals over time; to study different phases of later life; and to examine a wide range of ageing outcomes such as disability and morbidity in addition to mortality.
If level and rate of change in grip strength in later life are to have utility as outcomes in intervention studies, and are to have prognostic value in clinical assessment, normative data are required. Dodds et al have recently established lifecourse normative data for grip strength by pooling crosssectional data from twelve British studies [10] ; however, these normative data are unlikely to be applicable in low to middle-income countries and in different ethnic settings [22] . Studies from Sweden [23] , Japan [24] , the United States [11, 25] , Denmark [26] and Finland [27] have described withinperson longitudinal change in grip strength in later life but no normative data for longitudinal change in grip strength are available for the UK; the development of such norms is an important area for future research. Our study has some limitations. First, a healthy-participant effect is, unsurprisingly, evident in HAS [19] ; this selection effect has the potential to bias our results. However, our analyses were internal to the HAS sample; bias would only be introduced if the associations between mortality and level and loss of grip strength were systematically different among those who participated in our study, and those who did not; this seems unlikely. Second, grip strength measurements were only available at two time points; our change measure may not fully reflect underlying individual rate of change in grip strength. However, we were careful to implement Twisk's [21] recommended 'residual change' approach and also conducted complementary analyses based on second order models for baseline and follow-up grip strength measurements in relation to mortality which avoided direct calculation of change; results were consistent which suggests that the results from either one of the approaches are not simply due to statistical artefact. Nonetheless, our results require replication and extension in datasets including many longitudinal measurements of grip strength. Finally, although measured according to identical protocol [20] , grip strength was measured using different dynamometers in 1994/5 and 2003/5; we acknowledge this as a limitation of our study. However, Dodds et al. [10] have shown that different dynamometers have minimal impact on normative values for grip strength across the lifecourse. Moreover, use of different dynamometers is unlikely to have affected the ranking of grip strength loss for HAS participants.
Our study also has many strengths. First, few studies to date have explored the association between mortality and longitudinal change in grip strength in later life; we have added to this limited literature with the first study of its kind from the UK. Second, we conducted a careful analysis of the HAS longitudinal grip strength data which acknowledged the potential impact of regression to the mean and the limitation of only two repeat measurements. Finally, all measurements in HAS were made according to strict protocol by trained research nurses working as part of an experienced multi-disciplinary research team.
In conclusion, our results have implications for understanding of the utility of grip strength measurements made in research and clinical settings and suggest that levels of grip strength at any given point in later life should be considered in conjunction with estimates of change in grip strength identified by repeat measurement over time. Normative data for longitudinal changes in grip strength in later life are now required. 
Key points
• It is unclear whether an individual's rate of change in hand grip strength acts as a risk factor for poor ageing outcomes, over and above their level of grip strength in later life.
• Using data from the HAS we have identified elevated mortality risks among older people who experience accelerated loss of grip strength in later life, especially when in combination with a low level of grip strength.
• Our results have implications for understanding of the utility of grip strength measurements made in research and clinical settings and suggest that levels of grip strength in later life should be considered in conjunction with estimates of change in grip strength identified by repeat measurement over time.
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